Abstract Based on data from five hydrometric stations, Pingshan station on the Jinshajiang River, Gaochang station on the Minjiang River, Wulong station on the Wujiang River, Wusheng station on the Jialingjiang River and Yichang station on the Yangtze River, a study has been made of the temporal variation in grain size of suspended sediment load in the upper Yangtze River. The results show that in the past 40 years, the grain size of the suspended sediment load in the main stem and major tributaries of the upper Yangtze River has had a decreasing trend, that can be explained by the effect of reservoir construction and implementation of soil conservation measures. The reservoirs in the upper Yangtze River Basin, all used for water storage for hydro-electric generation and/or irrigation, have trapped coarse sediment from the drainage area above the dam and, thus, the sediment released now is much finer than before the construction of the reservoirs. The downstream channels are all gravel-bedded or even in bedrock, with little fine sediment, and thus, the released flow can hardly get a supply of fine sediment through eroding the bed. Then, after the downstream adjustment, the grain size of suspended sediment is still fine. Large-scale soil conservation measures have significantly reduced sediment yield in some major sediment source areas. The relatively coarse sediment is trapped and, thus, the sediment delivered to the river becomes finer.
INTRODUCTION
The properties of sediment include the physical aspect, e.g. grain-size distribution and mineral composition, and the chemical aspect, e.g. chemicals and pollutants absorbed by the sediment. Information on the grain size of suspended sediment is of increasing interest to those concerned with sediment transport and associated problems (Walling & Moorehead, 1987) . Available data demonstrate considerable variation in the particle size characteristics of sediment from different rivers and streams in response to variations in source material and other physiographic controls (cf. Walling & Moorehead, 1989) . Therefore, the linkage may be established between the sediment properties and the corresponding processes in the drainage basin. So far, much research has been done on the sediment grain-size characteristics of gravel-bed rivers (e.g. Hey et al., 1982; Thorne et al., 1987; Leopold, 1992; Billi et al., 1992; Klingerman et al., 1998) , but the research on the sediment properties of rivers with fine sediment is limited. Walling and coworkers (Walling & Moorehead, 1987 , 1989 have studied the spatial and temporal variations of grain-size characteristics of suspended sediment in some British rivers. They found that, at local scales, the relationship between suspended sediment and water discharge is complicated and can be generalized as different patterns. Xu (1996) found that, after reservoir construction, the temporal variation in suspended-sediment size in the downstream channel of the River Hanjiang, China, was complex. He has also found that the long-term variation of the grain-size distribution of suspended sediment in the Yellow River can be related to variations in precipitation and human activities (Xu, 2000a) .
The temporal variation in sediment load of the upper Yangtze River has drawn the attention of many researchers (Yangtze River Water Conservancy Commission, 1997; Xu, 2000b; Zhang & Wen, 2002; Fu et al., 2002 ; Experts Group on Sediment Issues of the Three Gorges Project, 2002a; Yang et al., 2005) . Although much work has been devoted to the changing quantity of sediment load, little research has been focused on the variation in grain-size features of suspended sediment load. The sediment carrying capacity of streamflow is closely related to sediment grain size and the variation in grain size of the sediment load from the upper Yangtze River may result in variation in sedimentation in its middle and lower reaches. Moreover, the behaviour of nutrients and pollutants that are transported with fluvial sediments depends more on the fine fractions of the sediment than on the coarse fractions. Therefore, the variation in grainsize composition of fluvial sediment may lead to variation in the behaviour of chemical substances that are absorbed by, and move with, fluvial sediment. Hence, a study of the variation in the grain-size composition of the sediment load of the Yangtze is important both in theory and in practice. The purpose of the present study is to elucidate the trend in the temporal variation in the upper Yangtze River and its major tributaries, and to reveal the cause of it.
OUTLINE OF STUDY AREA AND DATA SOURCES
The upper Yangtze River Basin (Fig. 1) , located above Yichang, drains an area of 100.5 × 10 6 km 2 , crossing large-scale landform units such as the Qinghai-Tibet Plateau, the Yunnan-Guizhou Plateau, the Sichuan Basin and the Qinling and Dabashan Mountains. Based on the hydrometric data from 1954-1979, the water and sediment yields from different source areas of the upper Yangtze River Basin have been analysed and are shown in Table 1 . Two major sediment-producing areas, the drainage area of the lower Jinshajiang and the Jialingjiang rivers, have been identified. Other areas in the upper Yangtze River Basin, accounting for 71.1% of the total area, produce only 30.1% of the total sediment load, but 72.1% of the total water yield. The control stations of the above two major sediment producing areas are Pingshan station on the Jinshajiang River and Beibei station on the Jialingjiang River.
To study the variation in suspended sediment grain size, data were used from a number of hydrometric stations, including Yichang station on the main stem, Pingshan (e.g. 1962, 1975) . The procedures used for hydrological survey, sampling and laboratory grainsize analyses at hydrometric stations in China are basically the same as those used internationally. For a detailed introduction, please also see Yan (1984) and Sedimentation Commission of Chinese Society of Hydraulic Engineering (1992).
Following the national standards and based on annual flux-weighted size distributions compiled from all the samples through each year, the values of the annual median size D 50 of suspended sediment were determined. To explain the cause for the temporal variation in suspended sediment grain size by considering human impacts, data about hydraulic engineering works (such as reservoirs) and soil conservation measures (such as land terracing, tree and grass planting and check dam building), were collected from various sources.
It should be pointed out that the method used for grain-size analysis is not the same in the period before and after 1986. Before 1986, the grain-size analysis was conducted using the "settling tube" method, based on Stokes' law. It was found in the 1980s that for relatively coarse fractions of sediment, i.e. coarser than 0.06 mm, the results obtained by the settling tube method showed large errors (Xiang, 2002) , and a different method has been used since 1986. The sediment in fractions of sediment coarser than 0.06 mm is still analysed using the settling tube method, but for the sediment finer than 0.06 mm, the "liquid-density meter" method is used. To make the grain-size data comparable between the above-mentioned two periods, a proper correction should be made. Much research has been done to establish a formula for the correction (Xiang, 2002) . Specifically, 114 suspended sediment samples were taken from various hydrometric stations on the Yangtze River and its tributaries by the research workers from the Yangtze River Water Conservancy Commission, and then the samples were analysed using both the "settling tube" and the "liquid-density meter" methods separately. Based on the results obtained, the grain size obtained using the former analysis method was correlated to that using the latter, and a regression equation was established which can be used to convert the grain size resulting from the "settling tube" method to that from the "liquid-density meter" method. The equation is as follows (Xiang, 2002) :
(1) where D 1 and D 2 are the grain size (in mm) resulting from the "liquid-density meter" and the "settling tube" methods respectively. In the present study, the median size of suspended sediment determined in the period before 1986 has been converted using the above equation so that the data from the periods before and after 1986 are compatible and can be used to study the temporal variation in the past 40 years. Figure 2 shows the temporal variation in suspended sediment grain size of the upper Yangtze River and its major tributaries. Since the data from Beibei station, the most downstream station of the Jialingjiang, are not complete, the data from Wusheng station, the upstream station on the main stem, were used instead. The grain size for all rivers is the median size (D 50 , in mm), except that for Wusheng station, where only the data on the suspended sediment percentage coarser than 0.05 mm are available for the time being, an index also reflecting the suspended sediment grain-size characteristics. Regression equations, number of years, correlation coefficient and significance level are all shown in Fig. 2 . It can be seen that suspended sediment grain size of all these rivers shows a decreasing trend in the past 40 years; all correlations are significant at a level of <0.01. 
TEMPORAL VARIATION IN THE MEDIAN SIZE OF SUSPENDED SEDIMENT OF THE UPPER YANGTZE RIVER AND ITS TRIBUTARIES

EXPLANATION
Effect of reservoir construction
The trend of suspended sediment load towards finer grain can be related to the construction of a large number of reservoirs in the upper Yangtze River Basin. The effect of reservoir construction on the grain size of suspended sediment load may be generalized in two ways. First, the reservoir traps sediment from the upstream drainage area and changes the grain-size character of the sediment released from the dam. The regulation of the quantity and grain size of the sediment flux by reservoirs depends on the operation mode of the reservoir. For reservoirs storing water for irrigation and elec-tricity generation, both the concentration and grain size of the sediment released from the dam will be greatly reduced. The second effect results from the bed scour downstream of the dam. Since the sediment concentration significantly declines, bed scour occurs. As a result, both the concentration and grain size of the sediment in the downstream channel are further changed.
According to the data obtained from the late 1980s, 11 931 reservoirs had been constructed in the basin, with a total storage capacity of 20.5 × 10 9 m 3 (Table 2 ). During the period 1990-1999, 11 large size reservoirs were constructed, with a total storage capacity of 17.53 × 10 9 m 3 . Up to 2000, the storage capacity of reservoirs totalled 27.283 × 10 9 m 3 (Experts Group on Sediment Issues of the Three Gorges Project, 2002b). Table 3 shows the decadal data for reservoirs constructed up to the 1980s. In the 1970s, the total capacity of large-sized reservoirs increased rapidly and exceeded the total capacity of those constructed in the 1950s, 1960s and 1970s. In the 1990s, several large-sized reservoirs were completed, and this category now constitutes the absolute majority of the total capacity of all reservoirs constructed in that decade.
The data of reservoir sedimentation in the upper Yangtze River Basin are shown in Table 4 . The annual rate of sedimentation as a percentage of the total capacity of the reservoir was in the range 0.023-4.11% for large sized reservoirs (averaged as 0.65%); 0.018-2.44% (0.39%) for medium sized reservoirs; and 0.024-9.91% (0.90%) for small sized reservoirs. In terms of different size categories, the sediment amount trapped by large, medium, and small reservoirs accounted, respectively, for 45.3%; 11.1%; and 43.6% of the total for all reservoirs. The total amount of sediment trapped by reservoirs in the Jialingjiang River Basin was higher than elsewhere, accounting for 34.4% of the total (Experts Group on Sediment Issues of the Three Gorges Project, 2002b). Yang et al. (2005) plotted the temporal variation in total storage capacity of reservoirs built in the upper Yangtze River Basin and the annual amount of sediment trapped by these reservoirs, based on data up to 1989 from the Yangtze River Commission of Water Resources. The Experts Group on Sediment Issues of the Three Gorges Project (2002b) reported on the large size reservoirs built in the period 1990-1997. These are shown in Fig. 3(a) , indicating significant increasing trend.
As the trapped sediment is usually coarser than the sediment that is released, the suspended sediment load downstream from the dam would become finer. Figure 3(b) shows the temporal variations in the total storage capacity of reservoirs constructed in the upper Yangtze River Basin and the annual median size of suspended sediment load at Yichang station, the former indicating an increasing trend and the latter a decreasing trend. It is notable that, before 1970, the total storage capacity was small and the slope of the curve is very low. During this period, the annual suspended sediment median size D 50 at Yichang showed no trend, although the inter-annual fluctuation was large. From 1970 to 1980, the storage of reservoirs increased rapidly, and D 50 declined. This means that reservoir construction in this period was a major factor responsible for the decrease in D 50 .
The relationships between D 50 at Yichang station and the total storage capacity of reservoirs in the upper Yangtze River Basin and the annual amount of sediment trapped by the these reservoirs are both significant at the 0.01 level (Fig. 3(c) ). Note that the reservoir capacity increased by 162% between the 1980s and 1990s, but the median size at Yichang station reduced by only 10%. This can be explained as follows: firstly, of the 10 large-size reservoirs built during the 1990s, three major ones were completed in 1996, namely, the Ertan Reservoir on the River Yalongjiang, the Hongjiadu Reservoir on a tributary of the Wujiang River and the Baozhusi Reservoir on the Jialingjiang River. Their storage capacities are 4.59, 5.80 and 2.55 × 10 9 m 3 , respectively, and their total capacity accounts for 73.8% of that for reservoirs built in the 1990s. Thus, the effect of these three reservoirs on the grain size of suspended sediment load at Yichang station cannot be fully seen. Secondly, as can be seen from 1955 1960 1965 1970 1975 1980 1985 1990 1995 sediment load at the Yichang station. The total capacity of these two reservoirs accounts for 65% of the total capacity of reservoirs built in the 1990s. Hence, it is likely that sediment trapping by these two reservoirs has a small effect on the grain size of suspended sediment at Yichang station in the 1990s. As pointed out earlier, a reservoir traps the sediment supplied by the upstream-dam drainage area, and as a result, the sediment load released from a reservoir may become finer. However, the grain-size characteristics may further change due to the scour in the downstream channel. There are two factors affecting the change in grain size of suspended sediment. First, the upper Yangtze River main stem and almost all the tributaries are gravel-bed rivers, or developed in bedrock, and only a little fine sediment is available in bed material. Thus, the streamflow released from the dam cannot get much fine sediment supply through bed scour. As a result, even after interaction between streamflow and the riverbed over a long distance, the suspended sediment is still relatively fine. On the other hand, in river reaches where the upper part of the bank is composed of fine alluvium, the river can get fine sediment supply through bank erosion, a factor that may reduce the grain size of the suspended sediment. As the suspended sediment shows a fining trend with time, it can be assumed that the temporal variation in suspended sediment grain size is dominated by the first factor, and the effect of the second factor is limited.
It should be pointed out that the effect of reservoir construction on suspended sediment grain size is different for gravel-and sand-bed rivers. In sand-bed rivers, after reservoir construction, due to the greatly reduced sediment concentration, strong scour occurs. The sediment supplied by scour is usually coarser and, thus, the suspended sediment grain size increases downstream. The Danjiangkou Reservoir on the River Hanjiang, a tributary of the middle Yangtze River, is a typical example (Xu, 1996) . The downstream channel is located in a wide alluvial valley and an alluvial plain, and the bed below Laohekou, 27 km downstream from the dam, is composed of medium and fine sand. After the reservoir construction, strong bed scour occurred, and suspended sediment concentration and grain size both increased downstream. It can be seen from Fig. 4(a) that, in a 20-year period after the dam construction, suspended sediment median size at the Nianpanshan station, 270 km downstream from the dam, showed a clear coarsening trend. A similar change can be seen in the lower Yellow River, a typical fine sand-bedded channel, after the construction of the Sanmenxia Reservoir. During the period 1960-1964, when the reservoir was used for water storage and clear water was released from the dam, strong scour occurred, and the suspended median size became coarser downstream (Fig. 4(b) ). At Lijin station, from 1962 to 1964, suspended sediment median size increased. Obviously, the variation in suspended sediment grain size in upper Yangtze River and its tributaries is different from that in the Hanjiang and Yellow rivers. The response of suspended sediment grain size to reservoir construction is different in rivers with different types of bed material.
Influence of soil conservation measures
In 1988, four regions in the upper Yangtze River Basin were taken as areas for implementing a state key project for soil and water loss control (Shi, 1998) example, during the period 1989-1996, in the middle and lower Jialingjiang River Basin, the area where soil conservation measures were implemented was 10 129.6 km 2 , accounting for 16% of the total area with soil loss (63 197.2 km 2 ). In the upper basin, soil conservation measures were implemented on 10 776.3 km 2 , accountting for 41% of the area with soil loss (26 278.7 km 2 ). A technical system that combines engineering, vegetation and farming techniques was carried out. The engineering techniques include land terracing and check dam and sediment-sinking pond building; the vegetation techniques include reforestation, grass plating and "closing hillside to facilitate afforestation". The cultivation measures aiming at soil conservation include contour farming, agro-forestry, and land mulching by straw, etc. Up to 1996, the completed measures included 174 900 ha of land terracing, 533 900 ha of reforestation, 226 500 ha of fruit and other commercial tree planting, 96 500 ha of grass planting, 58 5700 ha of "closing hillside to facilitate afforestation" and 518 680 ha of farm land with soil-loss-control oriented cultivation measures. After six years of implementation of the first phase of this state key project, in the small demonstration catchments, the bare hillslope area was reduced by 79.2%, and
vegetation (i.e. tree and grass) cover increased from 20.8% to 41%. The area of cultivated sloping land was reduced by 36.6%, of which that with steepness >25° was reduced by 77.0%. The percentage of area with soil erosion decreased from 64.9% to 36.3% (Shi, 1998) .
The implementation of large-scale soil conservation measures has resulted in a significant decrease in sediment yield in the Jialingjiang River Basin (Hydrological Bureau, the Yangtze River Water Conservancy Commission, 2002a). Due to the implementation of soil conservation and sediment intercepting measures, the suspended sediment became finer. During floods, check dams and sediment-sinking ponds trap coarse sediment and release fine sediment. The middle and lower Jialingjiang River Basin is covered in shale and sandstones, which weather rapidly and the weathered material is highly erodible. On bare hillslopes in this area, the soil layer is thin and composed of coarse particles. Thus, the sediment derived by erosion is relatively coarse. After land terracing and reforestation, the erosion rate decreases, weathering and pedogenic processes have more time to operate, and then the soil becomes finer, as does the sediment derived by soil erosion. Furthermore, the restored hillslope vegetation may intercept coarse fractions of the eroded material from the upper slope, also making the sediment finer.
In the Jialingjiang River Basin, large-scale soil conservation started in 1988. Thus, the data from the periods 1956-1987 and 1988-1996 are taken for comparison, based on data from Wusheng station (River Jialingjiang), Xiaoheba station (River Fujiang) and Luoduxi station (River Qujiang), the latter two rivers being the tributaries of the former. In the period before soil conservation, the mean annual suspended load at Wusheng, Xiaoheba and Luoduxi stations was 72.80, 28.30 and 18.80 × 10 6 t, and in the period 1988-1996, it decreased to 27.80, 13.00 and 11.80 × 10 6 t, respectively (Hydrological Bureau, the Yangtze River Water Conservancy Commission, 2002b). The percentage of >0.05 mm grain size in the suspended sediment load in the period before soil conservation was 25.8, 26.4 and 32.0%, but it decreased to 3.2, 20.1 and 4.6%, respectively, in the period after soil conservation. The mean annual median grain size of suspended sediment was 0.044, 0.060 and 0.057 mm in the period before soil conservation, but it decreased to 0.013, 0.039 and 0.016 mm, respectively, in the period afterwards (Hydrological Bureau, the Yangtze River Water Conservancy Commission, 2002b). The cumulative distribution curves of suspended sediment based on mean annual data for the periods before and after soil conservation (see Fig. 5 ) show a marked fining trend for the Wusheng, Xiaoheba and Luoduxi stations (Hydrological Bureau, the Yangtze River Water Conservancy Commission, 2002b). Reservoir construction is also responsible for the fining trend of suspended sediment load, and thus, the fining shown in Fig. 5 is the outcome of both soil conservation measures and reservoir construction. However, for the time being, the relative contribution of the two factors cannot be differentiated due to lack of data. It can be seen from Fig. 2 that the fining of suspended sediment load started from the 1960s, but large-scale soil conservation measures were practiced since the late 1980s. Hence, it can be suggested that the fining of suspended sediment in the period before the late 1980s was caused mainly by reservoir construction, and the fining of suspended sediment in the period afterwards-by the joint operation of both reservoir construction and soil conservation measures. So far, data are not available to discuss directly the effect of land-use change on suspended sediment grain size. However, some results may be used to explain this effect. According to the forest investigation, the percentage of forest cover in Sichuan province was 13.1% in 1982, but after 15 years of soil conservation, it increased to 39.7% in 1997 (Sichuan Province Bureau of Statistics, 2002) . As a result, the suspended sediment grain size of the Jialingjiang River-whose basin is mostly in Sichuan Province-became finer. The annual percentage of >0.05 mm fractions in suspended load decreased from 31.1% to 9.7%. In a study of a small tributary of the Yangtze in the Three Gorges, Huang et al. (1999) found that the percentage of >2 mm coarse particles in soils in hillslope lands decreased with forest cover, but the clay content increased with forest cover, after the land use was changed. In the Loess Plateau region, more data were available and Liu & Lu (2002) found a negative correlation between suspended sediment median size and the forest cover in the drainage area, based on data from 15 tributaries of the middle Yellow River. This implies that, if the destroyed forest is restored and the forest cover increased, the suspended sediment median size of the river would decrease. Han & Ni (2001) found a fining trend of suspended sediment load of most tributaries of the middle Yellow River, after large-scale soil conservation measures were practiced since the late 1960s. Ran et al. (2001) studied the influence of check dams on suspended sediment grain size of the middle Yellow River. They reported the result of a comparison between the >0.05 mm percentages in the sediment trapped by 54 check dams (determined by sampling the deposits and conducting grain-size analysis) and those measured at the downstream hydrometric stations. The results showed that the >0.05 mm percentages in the sediment trapped by check dams are systematically (by a factor of 1.50-1.76) higher than those measured at the downstream hydrometric stations. According to their calculations, the sediment amount trapped by all the check dams in the drainage area from Hekouzheng to Longmen was 33.20, 116.60, 88.50 and 80.40 × 10 6 t annually for the periods before 1969, 1970-1979, 1980-1989 and 1990-1996, respectively . As a result, the annual mean grain size of suspended sediment load at Longmen station became finer, from 0.0536 mm in 1956-1969, to 0.0471 mm in 1970-1979, 0.0331 mm in 1980-1989 and 0.0283 mm in 1990-1996 . In the River Wudinghe, a key area for soil conservation, we collected data on the cumulative area of soil conservation measures (including land terracing, tree-and grass-planting) and annual median size of suspended sediment load at the hydrometric station. The correlation coefficient between these two variables was -0.5831, which is significant at a level of <0.01. All the above examples indicate that land-use changes and soil conservation measures can result in a fining trend in suspended sediment grain size.
Effect of precipitation
Apart from human activities, climate change may have some influence on the variation in suspended sediment grain size and precipitation is the variable that is most closely related with erosion and sediment yield. Thus, based on data of the area-averaged annual precipitation (P m ) in the drainage basins of the rivers involved in this study, the mean annual grain size variables D 50 or r >0.05 were related to P m . For the Gaochang station on the Minjiang River, Wulong station on the Wujiang, and Yichang station on the Yangtze, correlation coefficients fail to pass the test of significance at a level of <0.10. However, for Pingshan station on the Jinshajiang, the correlation coefficient is -0.314 (significant at a level of <0.05); and for Wusheng station on the Jialingjiang, the correlation coefficient between r >0.05 and P m is 0.533 (significant at <0.01). Figure 7 shows the temporal variations in P m and r >0.05 for the Jialingjiang River. After 1980, both P m and r >0.05 declined markedly. Thus, the declining precipitation also plays a role in fining suspended sediment.
Correlation between suspended grain sizes of main stem and major tributaries
As pointed out earlier, the upper Yangtze River Basin can be divided into several water and sediment source areas, to which the variations in flow and sediment load at Yichang station can be related. Thus, the variation in the suspended sediment grain size at Yichang station can be regarded as the outcome of the variation in the suspended sediment grain size from these water and sediment source areas. Table 5 shows the correlation coefficient matrix between annual mean suspendedsediment median size (D 50,Yichang ) at Yichang station and those at Pingshan, Gaochang and Wulong stations, referred to as D 50,Pingshan , D 50,Gaochang and D 50,Wulong, respectively and the >0.05 mm percentage in suspended sediment (r >0.05,Wusheng ) at Wusheng station. All the correlation coefficients are significant at a level of <0.01. Hence, the variation in suspended grain size of the main stem of the River Yangtze is controlled by those of the four major tributaries, especially the two major sediment source areas, namely, the lower Jinshajiang and Jialingjiang rivers. 
CONCLUSIONS
1. The grain size of the suspended sediment load of the main stem of the upper Yangtze River and its major tributaries showed a clear decreasing trend in the past 40 years. 2. This decrease in suspended sediment grain size is caused by two factors: the effect of reservoir construction, and implementation of soil conservation measures. The reservoirs have trapped coarse sediment from the drainage areas above the dams, making the released sediment finer. Additionally, the downstream channels are all gravel-bedded or even in bedrock, so the released flow can hardly get a supply of fine sediment through eroding the river bed. Implementation of large-scale soil conservation measures is another influencing factor, but to a lesser degree. Soil conservation measures have significantly reduced sediment yield in some major sediment source areas, trapping relatively coarse sediment. As a result, the sediment delivered to the river becomes finer.
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